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PO Box 589, FI-33101 Tampere, Finland
Marko Palonen
Metso Power Oy
PO Box 109, FI-33101 Tampere, Finland
ABSTRACT
Particle-gas flow in a cyclone separator used in a circulating fluidized-bed boiler is
simulated using computational fluid dynamics software Fluent 6.2.36 and an Unsteady
Reynolds-Averaged Navier-Stokes (URANS) method. A Lagrangian method is used
for particle simulation and a one-way coupling between particles and gas is assumed.
The effect of the turbulence model is studied using several turbulence models. Only







Figure 1: Cyclone separator.
Domain and coordinate sys-
tem used in this study.
Cyclone separators (Fig. 1) occur in many industries,
e.g. in oil and gas industry, power generation, incin-
eration plants, cement plants, coking plants and the
food industry. Compared to the other methods for
particle removal from gases the main advantages of
cyclone separators are: low capital investment and
maintenance costs, applicability under extreme pro-
cessing conditions, no moving parts, and robustness.
According to (1), the first studies of the cyclone flow
were undertaken in 1930-1950 (2) and (3). The first
CFD (computational fluid dynamics) simulations were
undertaken in the 80’s (4). In the 21st century, CFD
simulations have been made for example by Derksen
(5) and by Wang (6). A more extensive review can be
found in (7) and (1).
CASE STUDIED
The schematic of the case studied and the coordinate system used is given in Fig. 1.
The flow gas is hot air. The cyclone body Reynolds number based on an average inlet
velocity and the cyclone diameter (7) is Re = 634,000.
METHODS AND MODELS


























where the overbar denotes time averaging, and the prime denotes the fluctuating com-
ponent. In the k-ε models and the k-ω models, the Boussinesq hypothesis is used in
which the Reynolds stresses, −u′i u
′
j , are calculated from
−u′i u
′
j = 2νtSij −
2
3











In the standard k-ε model (8), the turbulence kinetic energy and its dissipation rate











































2SijSij . The turbulent viscosity is computed from νt = Cµk2/ε. Model
constants used have the following values: Cµ = 0.09, C1ε = 1.44, C2ε = 1.92, σk = 1.0,
and σε = 1.3.








































where η ≡ Sk/ε, η0 = 4.38, β = 0.012, and νt is obtained in a similar way as in
the standard k-ε model. The model constants are: Cµ = 0.0845, C1ε = 1.42, and
C2ε = 1.68.
The RNG k-ε model in Fluent provides an option to account for the effects of the swirl








where Ω is a swirl number evaluated within Fluent and αs is a swirl constant that
assumes different values depending on whether the flow is swirl-dominated or mildly
swirling. The exact function for describing this dependency is not revealed in (10).








































where C1ε is now a variable. The turbulent viscosity is obtained in a similar way as
in the standard k-ε model, but Cµ is no longer constant. The model constants are:
C2ε = 1.9, σk = 1.0, and σε = 1.2.
In the standard k-ω model (12), the turbulence kinetic energy, k , and the specific





































νtS2 − βi fβω
2, (12)
and the turbulent viscosity is obtained from νt = k/ω. The model constants are: βi =
0.072, β∗
∞
= 0.09, σk = 2.0, and σω = 2.0.
The SST k-ω model (13) has a form similar to that of the standard k-ω model. The





































+ S2 − βiω
2 + Dω, (14)
where βi = F1βi ,1 + (1 − F1)βi ,2 and σk and σω are calculated in a similar way. The
turbulent viscosity νt = (k/ω)/ max[1, SF2/(a1ω)]. The model constants are: a1 = 0.31,
β∗
∞
= 0.09, βi ,1 = 0.075, βi ,2 = 0.0828, σk ,1 = 1.176, σω,1 = 2.0, σk ,2 = 1.0, and
σω,2 = 1.168.
In the Reynolds stress model (RSM), there are the exact transport equations for the














































































where Dtij , φij , and εij are modeled, see (10) for more details. The model constants
are: C1 = 1.8, C2 = 0.60, C1ε = 1.44, C2ε = 1.92, Cµ = 0.9, σk = 1.0, and σε = 1.3.
Calculation Procedure and Computational Grid
All the calculations are performed using commercial software Fluent 6.3.26 (10). All
terms in all equations are discretized in space using second-order central differencing,
apart from the convection term, which is discretized using a second-order upwind
scheme. Pressure-velocity coupling is achieved using the PISO algorithm.
Time integration is done using a first order implicit method and adaptive time stepping
where the first time step is very small (∆t0 = 10−6 s) and next time steps are chosen as
follows: If the solution has not converged after seven iterations, then ∆tnew = 0.9∆told,
otherwise, ∆tnew = 1.1∆told.
The simulation is initiated using a steady state solver. After several thousand itera-
tions, the simulation is continued by running an unsteady solver and run until the flow
becomes statistically steady (30 s). After that, simulation is continued until statistically
stable data is gathered (30 s → 60 s).
The computational grid consists exclusively of hexahedral cells (Fig. 2). Four different
grid resolutions have been used such that the total number of control volumes used
is 72,978, 260,808, 785,819 or 1,802,564. All grids are constructed so that the grid is
finer for the wall-adjacent cells of all no-slip walls of the cyclone.
(a) In inlet and
cyclone walls.
(b) In middle of cyclone barrel in
positive quadrant.
Figure 2: Grid 785,819.
GRID INDEPENDENCY TEST
The grid independency test shows that velocity profiles of the RSM in the middle of the
cyclone barrel do not change significantly when the grid is made finer than 785,819
cells (Fig. 3). A grid of 785,819 cells is therefore used exclusively in the turbulence
model comparison. A dimensionless wall unit y+ in a cyclone barrel is in an acceptable











































































(d) Dimensionless wall unit y+ in cyclone barrel looked
inside out. Grid 785,819.
Figure 3: Grid independency test.
TURBULENCE MODEL COMPARISON
Several papers, e.g. (7) and (1), show that there is rigid body rotation in the core of the
cyclone and almost friction free flow in the outer part of the cyclone. Tangential velocity
profiles complying with these assumptions are shown in Fig. 4(b) by the dashed lines
(constants are adjusted according to the results of the RSM).
Because of the highly anisotropic turbulence caused by the high curvature of the
streamlines and the high swirl intensity, two equation models cannot predict the flow
field correctly – they predict almost rigid body rotation in the whole flow field. Only the
RSM gives a physically reasonable flow field.
The RNG k-ε model with swirl modification implemented in Fluent gives usable results,
but the modification contains an adjustable parameter which was unknown before the
simulations. The default value of the parameter is αs = 0.07, which turns out to be too
small, as can be seen in Fig. 4(b). This makes the modification difficult to use.
Std. k -ε
RNG k -ε (αs = 0)
RNG k -ε (αs = 0.07)



















(a) Radial mean velocity.
Std. k -ε
RNG k -ε (αs = 0)
RNG k -ε (αs = 0.07)





v = C1y + D1

















(b) Tangential mean velocity.
Std. k -ε
RNG k -ε (αs = 0)
RNG k -ε (αs = 0.07)






















(c) Axial mean velocity.
Figure 4: Turbulence model comparison.
PARTICLE TRAJECTORY SIMULATION
Because the only turbulence model that gives a reasonable flow field without any ad-
justable parameter is the RSM, particle trajectory simulation is only done using that
model. Particles of different size are released from the bed and the particle trajectories
are calculated assuming one-way coupling (particles do not affect the flow field). The
mean flow field is used and no turbulence effects on particles are taken into account.
The collision chart in the cyclone barrel is shown in the Fig. 5(a). The collision area of
the largest particle corresponds well with the largest measured erosion (Fig. 5(b)).
d < 50 µm
d = 50 ... 100 µm
d = 100 ... 150 µm
d = 150 ... 200 µm
























(b) Measured erosion in target zone. Darkest gray
denotes largest erosion.
Figure 5: Simulated collision chart and measured erosion.
CONCLUSIONS
An extensive grid independency test is achieved using the Reynolds stress model
(RSM). The number of the cells in grids varies between 72,978 and 1,802,564. The
grid independency test shows that a grid consisting of about 800,000 cells gives ac-
ceptable results.
An effect of the turbulence model is studied using six different turbulence models. Be-
cause of the highly anisotropic turbulence caused by the high curvature of the stream-
lines and the high swirl intensity, two equation models cannot predict the flow field
correctly. Only the RSM gives a physically reasonable flow field. Also the RNG k-ε
model with a swirl modification implemented in Fluent gives usable results, but the
modification contains an adjustable parameter which was unknown before the simu-
lations. When the RSM is used, the collision area of the largest particle corresponds
well with the largest measured erosion.
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NOTATION
Cµ, C1, C2, C1ε, C2ε model constant in turbulence models
Dtij turbulent diffusive transport tensor in RSM
Dω cross-diffusion term in RNG k-ε model
F1, F2 blending functions in SST k-ω model
Pij stress production tensor in RSM
R radius of cyclone barrel
Re cyclone body Reynolds number
S mean rate-of-strain tensor
d particle diameter
fβ∗ , fβ auxiliary functions in standard k-ω model
k turbulent kinetic energy
p mean pressure
t time, tangential coordinate
∆t0, ∆told, ∆tnew first, old and new time steps
u, v , w mean velocity components
velinlet average mean velocity in beginning of inlet
y+ dimensionless wall unit
Ω mean rate-of-rotation, characteristic swirl number
αk , αε inverse effective Prandtl numbers
αs swirl constant in RNG k-ε model
βi , β∗∞, βi ,1, βi ,2 model constants in turbulence models
δ Kronecker delta
ε dissipation rate of turbulent kinetic energy
εij dissipation tensor in RSM
ν, νt molecular and turbulent kinematic viscosity
νt,modified modified turbulent kinematic viscosity
φij pressure-strain tensor in RSM
ρ density
σk , σε, σω, σk ,1, σk ,2, σω,1, σω,2 model constants in turbulence models
σk , σω auxiliary functions in SST k-ω model
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